Maternal immune responses can promote allergy development in offspring, as shown in a model of increased susceptibility to asthma in babies of ovalbumin (OVA)-sensitized and -challenged mother mice. We investigated whether inflammatory responses to air pollution particles (diesel exhaust particles, DEP) or control ''inert'' titanium dioxide (TiO 2 ) particles are enhanced during pregnancy and whether exposure to particles can cause increased neonatal susceptibility to asthma. Pregnant BALB/c mice (or nonpregnant controls) received particle suspensions intranasally at Day 14 of pregnancy. Lung inflammatory responses were evaluated 48 hours after exposure. Offspring of particle-or buffer-treated mothers were sensitized and aerosolized with OVA, followed by assays of airway hyperresponsiveness (AHR) and allergic inflammation (AI). Nonpregnant females had the expected minimal response to ''inert'' TiO 2 . In contrast, pregnant mice showed robust and persistent acute inflammation after both TiO 2 and DEP. Genomic profiling identified genes differentially expressed in pregnant lungs exposed to TiO 2 . Neonates of mothers exposed to TiO 2 (and DEP, but not PBS) developed AHR and AI, indicating that pregnancy exposure to both ''inert'' TiO 2 and DEP caused increased asthma susceptibility in offspring. We conclude that (1) pregnancy enhances lung inflammatory responses to otherwise relatively innocuous inert particles; and (2) exposures of nonallergic pregnant females to inert or toxic environmental air particles can cause increased allergic susceptibility in offspring.
Maternal immune responses can promote allergy development in offspring, as shown in a model of increased susceptibility to asthma in babies of ovalbumin (OVA)-sensitized and -challenged mother mice. We investigated whether inflammatory responses to air pollution particles (diesel exhaust particles, DEP) or control ''inert'' titanium dioxide (TiO 2 ) particles are enhanced during pregnancy and whether exposure to particles can cause increased neonatal susceptibility to asthma. Pregnant BALB/c mice (or nonpregnant controls) received particle suspensions intranasally at Day 14 of pregnancy. Lung inflammatory responses were evaluated 48 hours after exposure. Offspring of particle-or buffer-treated mothers were sensitized and aerosolized with OVA, followed by assays of airway hyperresponsiveness (AHR) and allergic inflammation (AI). Nonpregnant females had the expected minimal response to ''inert'' TiO 2 . In contrast, pregnant mice showed robust and persistent acute inflammation after both TiO 2 and DEP. Genomic profiling identified genes differentially expressed in pregnant lungs exposed to TiO 2 . Neonates of mothers exposed to TiO 2 (and DEP, but not PBS) developed AHR and AI, indicating that pregnancy exposure to both ''inert'' TiO 2 and DEP caused increased asthma susceptibility in offspring. We conclude that (1) pregnancy enhances lung inflammatory responses to otherwise relatively innocuous inert particles; and (2) exposures of nonallergic pregnant females to inert or toxic environmental air particles can cause increased allergic susceptibility in offspring.
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The increased prevalence of asthma is a major public health problem (1) (2) (3) (4) . Asthma is a disease that primarily begins in early life, but can persist into adult life. One strong risk factor for asthma is maternal asthma (more so than paternal) (5, 6) . Multiple mechanisms may contribute to the maternal effect, including genetic, environmental, and maternal immune system factors.
We have developed a murine model in which an identical genetic background allows experiments focused on maternal immunity and how it can affect susceptibility of offspring to allergy (7) (8) (9) . In this model of maternal transmission of asthma risk, mother mice are sensitized and challenged with chicken ovalbumin (OVA) and their offspring are subjected to an ''intentionally suboptimal'' OVA sensitization and challenge
protocol. An asthma-like phenotype of airway hyperresponsiveness (AHR) and allergic inflammation (AI) is seen only in offspring from asthmatic, but not normal, mothers.
Air pollution is well known to exacerbate existing asthma (10) . The role of air pollution in the initiation of asthma is more controversial. Arguments against a link include epidemiologic data showing less asthma in highly polluted East Germany compared with West Germany (11) and the increase in asthma in Western countries where air pollution has in general been decreasing. On the other side of the controversy are epidemiologic data showing increased incidence of asthma in hightraffic areas (12, 13) .
Some air pollutants-for example, diesel exhaust particles (DEP)-have been used extensively to address this question experimentally in people and in animal models. DEP can exacerbate established asthma in mice (14, 15) and nasal allergy outcomes in human studies (16) . DEP can act as a strong adjuvant or co-factor in the initiation phase or sensitization to allergen in both mice and people (17, 18) and up-regulate production of pro-allergic cytokines (19, 20) . Other air pollutants, like the titanium dioxide particles (TiO 2 ) or carbon black particles (CB) are known to be immunologically ''inert'' and typically used as control substances in immunotoxicity studies.
Since asthma begins in early life, we sought to determine if our model could be used to detect and analyze increased susceptibility arising from environmental exposure of pregnant mice. Our pilot studies indicated that a single intratracheal instillation of DEP into normal, nonallergic mother mice during pregnancy results in increased susceptibility to allergy in their offspring. We hypothesized that in pregnancy the response to particles is enhanced and that this may influence the offspring allergic susceptibility. In addition, we were interested in effects of immunologically ''inert'' particles (e.g., TiO 2 ) on both local pulmonary inflammation in the lungs of pregnant mice and on susceptibility of the offspring of exposed mothers to allergic sensitization.
MATERIALS AND METHODS

Animals
BALB/c mice were obtained from Charles River Laboratories (Cambridge, MA). All mice were housed in a clean barrier facility where animals are maintained at 22 to 24 o C with a 12-hour dark/light cycle with an independent pressure-gradient-enabled ventilation system. Animal care complied with the Guide for the Care and Use of Laboratory Animals, and all experiments were approved by the Institutional Review Board.
Exposure to Environmental Particles
Respirable-size DEP, TiO 2 , and CB particles were generously provided by Dr. Ian Gilmour (U.S. E.P.A.) and Dr. Joseph Brain (Harvard University). Particle samples were baked at 1658C for 3 hours to eliminate endotoxin, aliquoted and stored frozen at 2808C. Particle suspensions (50 mg in 50 ml for DEP and TiO 2 , and 250 mg in 50 ml for CB) or PBS solution (vehicle) were administered by single intranasal insufflation of pregnant or normal BALB/c mice under light halothane anesthesia (21) . We used two different protocols of particle exposure.
Protocol 1A: Comparison of innate immune response to particles in normal versus pregnant mice. To test whether pregnancy alters the normally minimal inflammatory response to ''inert'' particles, we administered TiO 2 and DEP suspensions (50 mg/mouse) or PBS solution by intranasal insufflation to normal or pregnant E14 mice (see Figure 1B) . The mice were subjected to pathologic analysis 48 hours later.
Protocol 1B: Particle exposure during pregnancy and asthma susceptibility in offspring. The protocol is based on our Normal females or pregnant mice were treated with diesel exhaust particle (DEP) or titanium dioxide (TiO 2 ) particle suspensions (50 ug/mouse) and analyzed 19 or 48 hours later. (B) Maternal particles exposure 1 single intraperitoneal neonatal sensitization period. Pregnant mothers at Day 14 of pregnancy (E14) received 50 mg/mouse intranasally of DEP, carbon black (CB), or TiO 2 particle suspensions or PBS buffer (negative control). Offspring of these mothers were injected once with 0.1 ml of 50 mg/ml ovalbumin (OVA) 1 alum (''suboptimal'') sensitization and challenged three times with 3% OVA aerosol. Figure 2 . Direct analysis of bronchoalveolar lavage (BAL) responses in pregnant versus control females. Pregnant or normal mice were exposed to either DEP or TiO 2 particle suspension or PBS alone and BALs were obtained 48 hours later. Normal mice exposed to TiO 2 reveal minimal airway inflammation at 48 hours (A) after exposure. In contrast, pregnant mice reveal enhanced and prolonged inflammation seen even 48 hours after exposure to TiO 2 (B). Mean 6 SEM (n . 9 each group). *P , 0.05.
prior studies showing that maternal immune events can influence the susceptibility of offspring's immune system to allergy (7) . The model uses an ''intentionally suboptimal'' allergen (OVA, grade III; SigmaAldrich, St. Louis, MO) sensitization and challenge protocol in the newborn mice, as detailed in (7) . Briefly, female mice received two intraperitoneal injections of 5 mg OVA with 1 mg alum in 0.1 ml PBS at 3 and 7 days of age, and after weaning are exposed to aerosols of allergen (3% OVA [wt/vol] in PBS [pH 7.4]) for 10 minutes on 3 consecutive days at 4, 8, and 12 weeks of age. These ''asthmatic'' and normal control mothers are mated with normal males and the offspring receive ''suboptimal'' protocol. In this study we replaced prior maternal sensitization with particle exposure ( Figure 1A ).
Offspring Allergen Sensitization and Challenge
On Day 4 after birth, newborns from particle-exposed and normal control mother mice received a single intraperitoneal injection of OVA with alum. On Days 12 to 14 of life, these baby mice were exposed to aerosolized 3% OVA within individual compartments of a mouse pie chamber (Braintree Scientific, Braintree, MA) using a Pari IS2 nebulizer (Sun Medical Supply, Kansas City, KS) connected to air compressor (PulmoAID; DeVilbiss, Somerset, PA). After this challenge, the mice were subjected to pulmonary function and pathologic analysis.
Pulmonary Function Testing
Airway responsiveness of mice to increasing concentrations of aerosolized methacholine was measured using whole body plethysmography (Buxco, Sharon, CT). Briefly, each mouse was placed in a chamber, and continuous measurements of box pressure/time wave were calculated via a connected transducer and associated computer data acquisition system. The main indicator of airflow obstruction, enhanced pause (Penh), which shows strong correlation in BALB/c mice with the airway resistance examined by standard evaluation methods, was calculated from the box waveform. After measurement of baseline Penh, aerosolized PBS or methacholine (MCh, acetyl-methylcholine chloride; Sigma-Aldrich) in increasing concentrations (6, 12, 25, 50 , and 100 mg/ml) was nebulized through an inlet of the chamber for 1 minute, and Penh measurements were taken for 9 minutes after each dose. Penh values for the first 2 and the last 2 minutes after each nebulization were discarded, and the values for 5 minutes in between were averaged and used to compare results. Increased Penh was interpreted as evidence of increased AHR.
Lipopolysaccharide Exposure
To test whether pregnancy alters inflammatory response to a nonspecific agent, pregnant mice and normal controls were place in individually labeled compartments of a pie chamber and exposed to 2 mg/ml lipopolysaccharide (LPS) (serotype 055:B5, CAT:L2880, LOT:110K4046; Sigma-Aldrich) nebulized aerosol for 10 minutes. Bronchoalveolar lavage (BAL) samples were collected 24 hours later. We chose this time point based on abundant work from other labs (53) and our own prior experience in working with inhaled LPS exposure, showing optimal detection of peak BAL polymorphonuclear leukocytes (PMN) responses at this time point.
Pathologic Analysis
Animals were killed with sodium pentobarbital (Veterinary Laboratories, Lenexa, KS). The chest wall was opened and the animals were exsanguinated by cardiac puncture. The trachea was cannulated after blood collection. BAL was performed five times with 0.3 ml of sterile PBS instilled and harvested gently. Lavage fluid (recovery volume was z 90% of instilled) was collected and centrifuged at 1200 rpm (300 3 g) for 10 minutes, and the cell pellet was resuspended in 0.1 ml PBS. Total cell yield was quantified by hemocytometer. BAL differential cell counts were performed on cytocentrifuge slides prepared by centrifugation of samples at 800 rpm for 5 minutes (Cytospin 2; Shandon, Pittsburgh, PA). These slides were fixed in 95% methanol and stained with Diff-Quik (VWR, Boston, MA), a modified Wright-Giemsa stain, and a total of 200 cells were counted for each sample by microscopy. Macrophages, lymphocytes, neutrophils, and eosinophils were enumerated. After lavage, the lungs were instilled with 10% buffered formalin, removed, and fixed in the same solution. After paraffin embedding, sections for microscopy were stained with hematoxylin and eosin (H&E). For allergy responses, an index of pathologic changes in coded H&E slides was derived by scoring the inflammatory cell infiltrates around airways and vessels for greatest severity (0, normal; 1, ,3 cell diameter thick; 2, 4-10 cells thick; 3, .10 cells thick) and overall prevalence (0, normal; 1, ,25% of sample; 2, 25-50%; 3, 51-75%; 4, .75%). The index was calculated by multiplying severity by prevalence, with a maximum possible score of 9.
Cytokine Detection
Levels of cytokines in BAL fluid, serum or cell culture supernatants were measured via the multiplexed Luminex xMAP assay (Luminex, Austin, TX). LINCOplex kits were obtained from Linco Research (St. Charles, MI). The sensitivity of the kit varied between 0.3 to 20 pg/ml for serum/plasma samples depending on the cytokine. Samples were tested in duplicates.
Gene Chip Microarray and Data Analysis
Total lung RNA extraction and isolation was performed using a Qiagen RNAeasy Mini kit according to manufacturer's instructions (Qiagen, Valencia, CA). RNA purity and quality were analyzed by Agilent Bioanalyzer 2100 scan (Agilent, Santa Clara, CA). The hybridization was carried out at the Harvard Partners Genomic Center Microarray facility (Cambridge, MA) using the Affymetrix GeneChip platform and Affymetrix mouse 430 2.0 chips (Affymetrix, Santa Clara, CA). Signal intensities and detection calls were extracted using dChip (v. 2006). Chip images were evaluated for overall quality; PM/MM pairs were evaluated for outliers to judge on hybridization performance. Hybridization quality was found to be consistent with the manufacturer's requirements. Probesets were filtered based on detection call to exclude ones in which ''P'' call was not present in all four samples in any one group, this also excluded probesets with all ''A'' calls. The filtration resulted in about 24,000 probesets. RMA values for this list were extracted using RMAExpress (v. 0.4.1) with background correction, normalization, and log2 transformation and were analyzed using tMEV (v. 4.0). Resampling with bootstrapping using the Support Tree feature indicated appropriate sample clustering with 90 to 100% support level (not shown). High-level analysis was performed in tMEV 4.0 and included Significance Analysis for Microarrays (SAM) at falsediscovery rate (FDR) of 0, ANOVA, and t test with Welch approximation. Fold change was calculated from corresponding natural, not log2 values. Meta-analysis was carried out using the Expression Analysis Systematic Explorer (EASE v. 2.0)
General Statistical Methods
Data are presented as mean 6 SEM. Data analysis was performed using Microsoft Excel from Microsoft Office 2003 Pro (Microsoft Figure 3 . Inflammatory BAL response to LPS challenge. Pregnant mice or normal controls were exposed to LPS aerosol, and BALs were obtained 24 hours later. There is no significant difference in PMN counts in these groups. Mean 6 SEM (n 5 8).
Corporation, Redmond, WA) and GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego, CA). Statistical significance was accepted when P , 0.05. To estimate significance of differences between groups in multiple comparisons ANOVA with Tukey's Honest Significant Differences for unequal N post hoc test and Kruskal-Wallis test with Dunn's post-test were used, as appropriate. For pairwise comparisons nonparametric Mann-Whitney U test was used. For repeated measurements in the plethysmography procedure we used repeated-measures ANOVA.
RESULTS
Inflammatory Response to Inhaled Particles Is Enhanced in Pregnancy
To investigate whether pregnancy alters the inflammatory response to particles, we exposed pregnant and control normal female mice to particle suspensions of DEP or vehicle (PBS) ( Figure 1 , Protocol 1A). We initially analyzed TiO 2 as an ''inert'' negative control particle. In both normal and pregnant mice, BAL PMN counts were significantly increased at 48 hours after exposure to DEP, but not to PBS ( Figure 2 ). Nonpregnant mice treated with TiO 2 displayed minimal increases in BAL PMN counts 48 hours after exposure ( Figure 2A ). In contrast, pregnant mice exhibited a robust acute neutrophilic inflammation ( Figure 2B ). No significant changes were noted in any other cell type (e.g., lymphocytes) (data not shown). The specificity of the enhanced inflammatory response to TiO 2 was tested by comparing responses to inhaled LPS. Both pregnant and nonpregnant females showed similar acute PMN influx into the lungs after exposure to aerosolized LPS ( Figure 3) . We used an exposure that causes mild inflammation in normal nonpregnant females (e.g., z 10% PMNs in BAL samples) so as to allow sensitive detection of increased inflammation in pregnant mice. To investigate whether responses to particles in the lungs of pregnant mice were associated with systemic effects, serum samples from DEP-and TiO 2 -treated pregnant and normal animals were analyzed for cytokine levels via a multiplex assay (Luminex). The data show that pregnant mice exposed to both DEP and TiO 2 had elevated levels of IL-1b, TNF-a, IL-6, and KC levels 48 hours after exposure, compared to nonpregnant controls (Figure 4 ).
Gene Expression Changes in Response to Inhaled Particles Are Different in Pregnant versus Normal Mice
To identify genes involved in the unexpected response of pregnant lungs to inert TiO 2 particles, we performed microarray analysis of mRNA gene expression patterns in pregnant and nonpregnant females treated with TiO 2 or PBS vehicle. Data analysis used significance analysis for microarrays (SAM). At false-discovery rate (FDR) of 0, SAM identified 130 probesets significantly different across the four groups (see Figure EA in the online supplement A). Pathway analysis indicated that most of these genes are involved in inflammatory response and immune regulation, cell proliferation/DNA metabolism, and metabolic processes (Table EA in online supplement B) .
Using t test with Welch approximation and ANOVA, we identified a cluster of genes that were changed only upon exposure to TiO 2 in pregnant mice (were significantly different between Pregnant PBS and Pregnant TiO 2 groups) ( Figure EB , left, in online supplement A). From this list we excluded genes that were significantly changed in normal mice upon TiO 2 exposure, or were changed in pregnant mice compared with normals. We also excluded noncoding sequences. Expression of these 80 genes (see Table 1 ) is changed (increased or decreased) only in response to TiO 2 on the background of pregnancy. We also identified genes that were changed upon exposure to TiO 2 in normal mice, but were not significantly different between pregnant mice exposed to PBS versus TiO 2 ( Figure EB , right, in online supplement A; Table 2 ). Absence of change in these 108 genes in pregnant mice exposed to TiO 2 compared to PBS may also contribute to the studied phenomenon. Detailed pathway analysis with EASE (Expression Analysis Systematic Explorer, a functional enrichment analysis that identifies groups of genes based on their involvement in various processes) for the genes in Tables 1 and 2 is presented in online supplement B. Genomic data has been submitted to Gene Expression Omnibus (GEO) database and has been assigned Series Record # GSE7475.
Enhanced Response in Pregnancy Leads to Increased Allergic Susceptibility in Offspring
We investigated whether pregnancy-enhanced response to particles could influence the allergic susceptibility of the off- . Serum cytokine levels after particle exposure. Pregnant (P) or normal (N) mice were exposed to either DEP or TiO 2 particle suspension and sera were obtained 48 hours later. Levels of proinflammatory cytokines are increased in pregnant mice compared with nonpregnant controls after both TiO 2 and DEP exposure (with P , 0.05). Mean 6 SEM (n 5 9 each group). spring. Offspring of mice exposed to DEP during pregnancy ( Figure 1 , Protocol 1B) showed increased AHR ( Figure 5A ) and allergic airway inflammation (AI) ( Figures 5B-5D ) compared with offspring of vehicle (PBS)-treated mice, indicating increased allergic susceptibility. We also analyzed offspring from pregnant mice treated with ''inert'' TiO 2 and CB particles. These offspring also showed increased susceptibility to allergy, manifesting as increased AHR and AI ( Figure 5 ).
DISCUSSION
Our findings indicate that in pregnancy both local and systemic inflammatory responses to immunologically ''inert'' environmental particles are enhanced compared to the normal nonpregnant state. This phenomenon is associated with differential activation of multiple genes involved in immune response and regulation, cell metabolism and proliferation. An important biological effect is increased allergic susceptibility in offspring of mothers exposed during pregnancy. TiO 2 (and CB) particles are a prototypical ''inert'' particle in pulmonary toxicology studies because of the minimal inflammatory response usually seen in vivo in animal models; they do not have soluble components. However, they are not completely innocuous. For example, specially coated TiO 2 particles were shown to cause pulmonary inflammation (31) . Moreover, TiO 2 particles were shown to cause pulmonary inflammation with activation of antigen-presenting cells and production of certain chemokines (32, 33) . They were also associated with increased production of IL-13 by mast cells (34) and, potentially germane to our study, were shown to cause increase IL-25 and IL-13 production by lung antigen-presenting cells (35) . Similarly, there are a few studies showing that another generally ''inert'' particle type, CB particles may have also minor immune system effects (36) .
Specific information on the subject of exposure to particles during pregnancy remains scarce. However, previous observations include findings that pulmonary immune response to certain environmental factors (e.g., ozone) (37, 38) can be enhanced in the already Th2-deviated milieu of pregnancy (39, 40) . We compared the local pulmonary response of pregnant versus normal females to TiO 2 particles. Normal nonpregnant females showed minimal residual inflammation 48 hours after particle treatment, the expected finding with ''inert'' particles. In contrast, at the 48-hour analysis point, pregnant mice reveal persistence of enhanced inflammation, a finding not seen in nonpregnant females (Figure 2 ). These data indicate that ''inert'' particles are no longer innocuous and noninflammatory in the setting of pregnancy. At the same time exposure to nonparticulate inflammatory agent LPS did not cause enhanced responses in pregnancy as compared with nonpregnant mice (Figure 3 ), indicating that not all inflammatory responses are altered in pregnancy in our model. We are aware of a discordant finding of enhanced inflammation after a higher dose of LPS in pregnant rats (37) , therefore this issue requires further study.
We speculate that several factors may be involved in the mechanism, including alteration of innate and adaptive immune responses under the influence of estrogen and progesterone, the essential hormones of pregnancy that are produced in increasing concentrations (41) (42) (43) . These hormones induce a pro-Th2 skewing of immunity (as reviewed in Ref. 44 ). More interestingly, it was shown that estrogens and progesterone can alter function of macrophages (45, 46) and regulate macrophage cytokine production (47, 48) . Similar data applies to DCs located in the reproductive organs (49, 50) , and recent reports suggest that DCs have estrogen receptors and respond to estrogen stimulation (51) . Other possible mechanisms include alteration of the placental milieu in an inflamed organism towards production of Th2-skewing products (52) .
The postulate that innate immune responses to ''inert'' particles are altered predicts selective activation or deactivation of gene transcription. Indeed, genomic profiling of total lung RNA from normal and pregnant females exposed to either TiO 2 particles or PBS control identified several clusters of genes that may potentially be involved in the mechanism. We initially used a more stringent SAM analysis across all four groups and identified 130 sequences (mostly involved in inflammatory response and immune regulation, cell proliferation, DNA metabolism, and metabolic processes) to be differentially expressed (see online supplement). We then applied a more selective approach using less stringent ANOVA-based analysis to identify genes that are only changed in pregnant mice upon exposure to TiO 2 , as well as those that are only changed in normal mice upon TiO 2 exposure. While these gene lists somewhat overlapped, after mutual subtraction we identified two separate gene sets (see online supplement), which indicates that possibly different genes are responsible for lung TiO 2 response in pregnant and in normal mice. Further investigation including PCR validation and mechanistic studies is underway.
We found that newborns from DEP-exposed mothers had significantly higher AHR and AI (Figure 2 ) than PBS controls. Moreover, the offspring of TiO 2 -and CB particle-exposed mothers (Figure 2 ) also showed increased susceptibility, an unexpected finding that was replicated in four separate experiments. It has been concurrently shown using the same model that maternal exposure to residual oil fly ash (ROFA) increases offspring susceptibility (22) . Here, we demonstrate that maternal exposure to particles considered immunologically innocuous, TiO 2 and CB, can also cause increased allergic susceptibility in offspring. This finding identifies a functionally important consequence of the differential response to particles in pregnancy, and this may ultimately help identify mechanisms of the phenomenon. The data suggest that exposures of nonallergic pregnant females to environmental air particles under some conditions may cause increased allergic susceptibility in offspring.
The mechanisms by which pregnancy exposure caused increased susceptibility to allergy in offspring remain unknown. One possibility is suggested by previous findings that components of DEP can mediate pro-allergic effects. The organic components, especially polycyclic aromatic hydrocarbons (PAH), cause increased production of Th2 cytokines (e.g., IL-4), known to be important mediators of allergy and asthma (14) (15) (16) . Studies found that pyrene, an abundant component in DEP, has caused specific and robust induction of IL-4 gene expression by T cells, but only as a co-factor in the presence of antigen (30) . However, we sought but did not find evidence of Th2 cytokines in the lavage fluids and serum samples from DEP-treated pregnant mice (no detectable IL-4, -5, or -13; data not shown). Rather, multiplexed cytokine analysis of serum show that pregnant mice exposed to either DEP or TiO 2 had elevated levels of IL-1b, TNF-a, IL-6, and KC levels 48 hours after exposure, as opposed to nonpregnant controls (Figure 4 ). These findings are consistent with the greater acute cellular inflammation observed in BAL samples, including after treatment with the ''inert'' particle TiO 2 . The discordance between similar levels of PMNs in the normal DEP versus pregnant DEP control groups and different levels of cytokines in these groups Figure 5 . Neonatal susceptibility in OVA protocol. Mother mice were exposed during pregnancy to 50 mg/mouse of either DEP or TiO 2 , or 250 mg/mouse of CB particle suspension or PBS (Protocol 1B, Figure 1 ). Newborns were injected once with 0.1 ml of 50 mg/ml OVA plus alum and challenged three times with 3% OVA aerosol. Offspring of mice exposed during pregnancy to DEP showed increased airway hyperresponsiveness (AHR) seen as response to methacholine via whole-body plethysmography (Penh at 100 mg/ml Mch of 3.360.4) (A) and increased eosinophilic AI in BAL (B) as well as increased pulmonary infiltration (C, D), indicating that allergic susceptibility was induced. Surprisingly, neonates from mice exposed to ''inert'' TiO 2 and CB also showed similarly increased AHR (Penh at 100 mg/ml Mch of 2.8 6 0.3 and 2.8 6 0.3, respectively, versus 1.0 6 0.2 in PBS controls, P , 0.05) (A). BAL eosinophilia was also increased (TiO 2 13.6 6 3.1% and CB 10.7 6 1.2% versus 4.1 6 1.0% in PBS controls) (B), as well as pulmonary inflammation (C, D). Mean 6 SEM (n 5 17-21 each group). *P , 0.05. may be caused by ''saturation'' of bronchoalveolar inflammation locally but not systemically. Further studies are necessary to address this issue in more detail.
Some limitations of our study merit discussion. First, we used a single bolus dose of particles via intranasal insufflation of pregnant mice. While this strategy provides proof-of-principle, additional studies using aerosol exposures and dose-response analysis would allow more realistic comparison to actual human exposures. Second, the study uses one strain of mice (BALB/c). Additional studies are needed to determine if similar findings occur in other mouse strains. Finally, in our mouse model, we use noninvasive plethysmography to evaluate pulmonary function in very young mice (15 days old). We are aware of the ongoing discussion in the literature about whether Penh measurement via whole-body plethysmography truly represents AHR and whether it is a valid technique for different strains of laboratory animals (23) . However, it is worth noting that analysis of responses to aerosolized OVA in sensitized, BALB/c strain mice (i.e., as in our model) is the experimental setting in which Penh values correlate best and to an (arguably) acceptable degree with more invasive measures (24) (25) (26) (27) (28) (29) . We also point out that the more invasive testing is technically impractical, given the small size of young mice in our model. Finally, in an earlier study we were able to find similar trends in Penh and basal pulmonary function tests using the invasive Flexivent approach in older, larger mice studied in a similar protocol (8) .
In conclusion, we have developed a mouse model for analysis of environmental exposures during pregnancy and their effect on susceptibility of offspring to allergy. We showed using this model that maternal exposure to TiO 2 and CB particles, previously considered immunologically ''inert,'' causes enhanced immune response in pregnancy and, similarly to DEP exposure results in increased allergic susceptibility in offspring. This model may be useful for toxicology screening and for further mechanistic analysis.
